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Abstract — This paper presents a reader switched 
complementary loops structure for pebbles RFID tracking. These 
so-called “smart pebbles” are tagged with LF RFID glasstags and 
deployed on beaches, in the context of coastal morpho-dynamics 
survey. At different periods, the detection of these pebbles over 
the beach has to be done in the minimum of time. The goal of the 
project LARGE is to provide a RFID reader antenna structure 
for reducing the time of the glasstags detection. Technical 
challenges are that LF glasstags detection is very sensitive to its 
orientation. As the prototype has to adapt to an unknown 
orientation and depth of the RFID tags, two key ideas are 
exploited in this work: (i) the use of complementary loops for 
reducing the orientation sensitivity and (ii) the switching in loop 
sizes for adapting to optimal depth of tag detection. A prototype 
is build and tested with a commercial RFID reader and 
conclusions of our measurements show that detection 
performances can be increased with this multiple loops and 
complementary loops structure. 
Keywords— LF RFID, complementary loops, mutual coupling 
I.  THE CONTEXT OF PROJECT “LARGE” 
RFID technology is widely used for tracking objects and or 
animals in various environments, including applications in an 
outdoor context [1][2][3][4]. The operating frequency between 
the RFID reader/interrogator and the transponders (tags), is the 
discriminant factor due to multiple tradeoffs mainly concerning 
the detection range, data rate transfer and sensitivity to the 
environment (water, metal…). The RFID chosen band of 
frequency consequently determines the electromagnetic 
physical link to be in near-field (magnetic coupling at LF 
125/134 kHz, or HF 13,56 MHz) or alternatively in far-field 
(backscattering of radiating waves, usually in UHF 433/860 
MHz and sometimes at 2,4 GHz).  
In this paper, we focus on tracking pebbles, on the beach, as 
a part of the project called LARGE (LocAlisation with Rfid of 
tagGed pEbbles). The key idea is to insert on the beach some 
tagged pebbles and to recover them at different time slots in 
order to build a behavioral model of their displacements due to 
the coastal morpho-dynamics. As salt water and sand are 
present, the choice of LF frequency band is preferred. LF RFID 
tags are dedicated technology for this type of  study in that it 
can be efficiently used to track the movements of sediments on 
coarse grained beaches, for both the under and outside sections 
of a beach. As a consequence, LF RFID tags can be embedded 
inside autochthonous pebbles turning them into tracers that can 
be positioned directly on the beach. These tracers can be then 
detected, identified and possibly recovered to study their 
movements and variations in terms of size and shape. These 
data are fundamental to evaluate the effects of coastal erosion 
on a beach and to plan the countermeasures to be deployed [3]. 
LF is the only frequency band that can be employed in such a 
scenario in that is the only one that is able to provide a Long 
Range communication channel even under sea water, allowing 
the detection of Smart Pebbles also in the submerged portion of 
a beach. Tags on pebbles has a minimum volume and the 
dedicated structure is a glasstag type which is typically made 
of a 1-1,5 cm long ferrite rod, with diameter in the range of 
1-2 mm with enameled copper wire soldered to a RFID chip. 
As resumed in Figure 1, The RFID tag in LF enable to store and 
read data in presence of salt water and sand, and consequently 
to date and localize precisely the movement of the pebble (the 
use of such data for building the morpho-dynamics behavioral 
model is not the subject of the paper). 
 
Figure 1 : Principle of pebble tagged in RFID with LF glasstag.  
In LF, most of the tags does not have battery and need 
being powered by magnetic coupling before communicating 
thanks to the load-modulation (see Figure 1). Moreover, the 
penalty of the glasstag is it high sensitivity to the orientation 
because the ferrite rod is equivalent to a magnetic dipole with a 
very small effective surface due to the rod diameter value. As 
the pebbles can be positioned randomly, the RFID reader loop 
antenna is supposed to detect them whatever their orientation. 
This is technologically challenging because the tag need to be 
powered with enough magnetic field, fruitfully distributed over 
the equivalent magnetic dipole surface, before being able to be 
detected. To improve the tag powering ability, high quality 
factor coils can be used, but the quality factor also reduce the 
bandwidth of the system and can penalize the correct 
interpretation of the data, preventing the detection. 
Consequently, a tradeoff is present on the quality factor of the 
transfer function between the tag and the reader, which is based 
on the impedance value seen by the reader, including the 
mutual inductance [4][5][6][7]. This mutual inductance can be 
defined by the Neumann formula, seen in Figure 2, where M is 
the value, in Henry, between two closed paths Γ1 and Γ2 where 
r12 is the distance between the two elementary vectors dl1 and 
dl2. The mutual inductance is exclusively based on geometrical 
considerations: the position and orientation of the paths (loops 
in classical examples). 
 
Figure 2 : definition of the Mutual coupling and possible vectorial 
decomposition of the path in a multi(sub)-loop case 
In this Figure 2, we suppose that the reader loop area is 
higher in size than the tag loop area, to the contrary of case 1,  
because of the surface of detection, which determine the total 
time spend to control the entire beach surface. This drives to a 
very week value of the mutual inductance in a case of single 
loop configuration (the case 2). As expressed in Figure 2 (case 
3 and equation) it is possible to separate the reader loop path 
defined by Γ1 into loop sub-paths (multi-loop or series loops) 
Γ1a and Γ1b which will drive to the addition of the two partial 
mutual inductances parts, one of which being potentially better 
suited for mutual coupling with a given geometry, for example 
those of the RFID glasstag.  
Additionally, the tag orientation implies to study the 
problem of mutual coupling maximization for the two possible 
orientation mode of the glasstag equivalent surface, which are 
the horizontal and vertical ones regardless to the plane defined 
by the reader loop surface [4][5][7]. The ability to detect in 
both horizontal and vertical modes is more fruitful in the case 
of pebbles detection than to increase the detection range in only 
one mode.  
The idea developed in that paper is to improve the structure 
of the reader loop by modifying the mutual coupling in the case 
of a glasstag. The multi-loop principle is explored in that way 
and combined with complementary loops principle [4][5], for 
different size. 
II. STRUCTURE OF THE RFID READER LOOP 
The problem of detecting the tagged pebbles on the beach 
can be simplified by an equivalent schematic shown in Figure 
3, where the beach is represented as a rectangular area.  
A : Wide control area:
- Fast (meas. Campaign)
- Low coupling with tags whatever
the depth
low recovery rate
B : Custom-size control area:
- mutual coupling with tags adapted
to one « precise » depth
- Slow (meas. Campaign)
good recovery rate
(potential)
C : « Similar tag size » area:
- coupling with tags max. for very
low distances (prox.)
- Very slow (meas. Campaign)
low or NULL recovery rate
A B C
 
Figure 3 : Equivalent problem of RFID tagged pebbles detection and 
potential scenarii A, B and C. 
In Figure 3, three scenarii are proposed in function of the 
surface of control of the RFID system. If the surface is too 
wide (case A), the detection can be penalized by the weak 
magnetic coupling between the reader loop and the tag coil. If 
this surface is too small (case C), the detection can suffer from 
the two high relative distance between the tag equivalent area 
and the reader loop area, decreasing the magnetic coupling. 
Also, the time spend to perform the control of the entire beach 
is directly proportional to the inverse of the surface area. 
Optimal case B suppose that the depth of the pebbles is 
evaluated and help in designing the area size of the reader loop. 
As it is difficult to evaluate precisely a reference depth, an 
interval of 4 cm to 40 cm is supposed, implying us to find a 
solution involving the combination of different reader loop 
sizes. Also the relative orientation of the glasstag can be 
overcome thanks to the complementary-loops structures for 
which the possibility of mutual coupling in both horizontal and 
vertical modes are higher than those of the single and multiple 
“sub-loops in-phase” ones. 
A. Complementary-loops structure 
The orientation of the tag brings a challenge on the 
detection performances. The complementary loops structure 
can help in the reduction of sensitivity due to the mode of 
detection. To illustrate this assumption, simulations of the 
mutual induction generated between a small circular tag and 
rectangular reader loops are performed with MATLAB. The 
calculus consists in generating the magnetic induction 
distribution in the space and summing the vectorial 
components orthonormal to a given delimited surface, 
following the definition of the induced magnetic flux. In 
Figure 4, the simulation setup is shown and we identified three 
scenarii with the same rectangular reference surface of 10x20 
cm². The surface (a) corresponds to the classical single turn 
rectangular loop. Surface (b) and (c) corresponds to the use of 
sub-loops of 10x10 cm² for, respectively, in-phase loops and 
complementary loops (i.e. out-of-phase) structures. 
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Figure 4 : Simulation of the complementary-loops structure in the case of 
an equivalent circular surface (radius 1mm) and 3 reader loop cases. 
Definition of the S factor. 
In order to quantify the ability of such structures for 
detection the tag at a fixed distance (4 cm herein), we defined 
the factor S as the sum of the mutual inductance absolute value 
for a given displacement of the tag. This S factor is evaluated 
for quantifying, at a given distance of the reader loop, the 
amount of mutual induction available for potential position of 
the tags. Results of mutual coupling evaluation and S factor are 
reported in Figure 5 and Figure 6. 
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Figure 5 : Mutual induction, in horizontal mode, for the three 
rectangular loops cases in Figure 4, and evaluation of the S factor. 
The results reported in Figure 5 and Figure 6 shows that the 
case (c) corresponds to the best case in regards of the S factor. 
In horizontal mode, the case (b) does not improves the case (a) 
because the distribution of the magnetic field are destructive at 
the middle of the surface, preventing a potential mutual 
coupling. To the contrary, the case (c) corresponds to a 
constructive addition of the magnetic field generated by the 
two complementary loops, in horizontal and vertical modes. 
Additionally, the vertical mode does not suffer from the used 
nul of magnetic coupling at the middle of the rectangular 
surface, as seen for case (b) in Figure 6. The values of S factor, 
increasing for the complementary loops structure, are due to 
the fact that extrema of the “M” values are higher for the case 
(c) not only at specific position but over the surface. 
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Figure 6 : Mutual induction, in vertical mode, for the three rectangular 
loops cases in Figure 4, and evaluation of the S factor. 
Nevertheless these results are only concerning a fixed 
distance between the tag and the reader loops, it can be noticed 
the important benefit of using complementary loops for 
reducing the sensitivity to the tag orientation. 
B. Switching the reader loops of different sizes 
It was shown in the previous part that complementary 
loops structures are fruitful, at a given distance of detection. 
As was studied in [4][5], the optimal size of a rectangular 
reader loop depends on the tag size and the distance fixed for 
the detection, that is to say the depth in our context. As the 
depth can be from 4 to 40 cm, we decide to increase the 
surface of the reader loop and to superpose different reader 
loops whose structures are made of complementary loops, as it 
is represented in Figure 7. 
 
Figure 7 : Superposition of the different reader loops 
The three structures chosen are all included in a reference 
surface of 40x40 cm (as it is the maximum depth) and we fixed 
the classical single turn 40x40 cm² loop and its sub-division by 
a factor 2 and 4, respectively, the 4x(20x20) cm² C-loop 
(complementary loop) and the 16x(10x10 cm²) C-loop. The 
magnetic field simulations, with CST studio, of these structures 
are seen in Figure 8. 
 
Figure 8 : Magnetic field magnitude, with CST studio, for the single turn 
40x40 cm² loop, the 4x(20x20) cm² C-loop and the 16x(10x10 cm²) C-loop. 
The simulations results in Figure 8 are obtained for an 
arbitrary current of 1A and the color ramp is clamped at the 
same level for the three simulations. As it can be seen, the 
magnetic field magnitude is concentrated near the edges, and 
the curvature radius increase with the inverse of the sub-loop 
area. This potentially creates some zeros of detection for the 
larger loops, which can be compensated by using the sub-loops 
under the hypothesis of a not too deep tag. The prototype of 
such a structure involves turning the wire of the loop in order 
to respect the phase of the current from one sub-loop to 
another. The next part describes how the prototype is realized 
for combining switched reader loops and sub-loops. 
III. PROTOTYPING AND TESTS 
To benefit from the sub-loop structure detection 
performances (in terms of sensitivity to the tag orientation), the 
complementary loops are realized line by line and column by 
column following the method depicted in Figure 9. This 
method has the advantage of making a line of “n” sub-loops for 
which the electrical port is on the same side of the surface, 
which highly simplify the practical realization of the prototype 
and avoid some penalizing extr-length of wire (loss…). In this 
figure, the equivalent electrical schematic for the case of two 
and “n” sub-loops is draw in the idea to evaluate the analytical 
approximation of the inductance seen by the RFID reader. The 
formula given considers the mutual coupling of sub-loops only 
between two adjacent loops and neglect the other possible 
coupling. The result of this hypothesis is that the equivalent 
inductance seen by the reader for a line (or a column) of 
complementary sub-loops is proportional to the number of sub-
loops. 
As each reader loop, and each of the lines and columns of 
the complementary loops structure is switched, the evaluation 
of the inductance is mandatory to be adapted to the RFID 
reader. The prototype is realized with Litz wire (to reduce 
losses), and the inductance is adapted to 26 μH, which is the 
value given in the datasheet of the TIRIS 134 kHz RFID 
reader. Photography of the prototype realized over a wood 
structure is seen in Figure 10, in which the RFID reader and the 
different mechanical switches can be seen. 
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Figure 9 : method for turning a line of “n” complementary loops, and 
equivalent electrical schematic for determining the inductance value. 
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Figure 10 : Prototype of the switched RFID reader loops and 
lines/columns of complementary sub-loops 
Results of detection are shown in Figure 11 for the two 
mode of detection, horizontal and vertical, and for three cases: 
(i) the single turn coil (40x40) and, in the idea to reduce the 
amount of data, only one line and one column of the two others 
structures (ii) and (iii). This selection of a line and a column 
can be clearly seen in the figure.  
As was predicted in simulation with CST in the previous 
part, the wide loop presents some zeros of detection for the 
vertical mode, see the figure at top right and middle right. Also, 
the horizontal mode benefit from the small C-loops because the 
detection range near the edges of the reference surface is higher 
these structures than for the single turn. By mixing the results 
of horizontal and vertical modes, the ability to detect arbitrarily 
orientated glasstag is possible at several centimeters, taking 
into account the fact that the line and column can be 
additionally swept. 
The prototype uses a BANANA PI board for driving the 
switches, enabling an automated sweep in the range of some 
seconds, fruitful for a practical scanning of a given surface of 
the beach in the measurement campaign. 
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Figure 11 : Detection performances, in cm, of a RFID glasstag in 
horizontal (left) and vertical (right) mode, for the three structures: the 
single turn 40x40 cm² loop (top), the 4x(20x20) cm² C-loop (middle) and 
the 16x(10x10 cm²) C-loop (bottom) 
IV. CONCLUSION 
In this work, we presented a switched structure of single 
and complementary loops, whose interest is to improve the 
detection performances of RFID tags detection. Practical 
results showed that complementary loops enables to detect the 
RFID tags both in horizontal and vertical modes, as was 
predicted by simulation. Additionally, the use of switched 
structures increases the detection performances of the RFID 
tags at different depths, which are not known in the context of 
the project. Practical sweeping of all the switches, in the range 
of several seconds, are done with a simple BANANA PI in the 
measurement. To conclude, RFID tag detection can be 
improved by using this structure, because the switched 
configuration enables the detection at different optimal depths, 
at different sub-areas, and for the two possible modes (Hm and 
Vm). This increases the possibility of detection over the area. 
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